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ABSTRACT
The recent detection of GW190814 featured the merger of a binary with a primary having a mass of∼ 23M
and a secondary with a mass of∼ 2.6M. While the primary was most likely a black hole, the secondary could
be interpreted as either the lightest black hole or the most massive neutron star ever observed, but also as the
indication of a novel class of exotic compact objects. We here argue that the secondary in GW190814 needs not
be an ab-initio black hole nor an exotic object; rather, based on our current understanding of the nuclear-matter
equation of state, it can be a rapidly rotating neutron star that collapsed to a rotating black hole at some point
before merger. Using universal relations connecting the masses and spins of uniformly rotating neutron stars,
we estimate the spin, 0.49 . χ . 0.68, of the secondary – a quantity not constrained so far by the detection –
and a novel strict lower bound on the maximum mass, MTOV > 2.08
+0.04
−0.04 M, of nonrotating neutron stars,
consistent with recent observations of a very massive pulsar. The new lower bound also remains valid even in
the less likely scenario in which the secondary neutron star never collapsed to a black hole.
Keywords: transients: black hole - neutron star mergers — gravitational waves —stars: neutron
1. INTRODUCTION
With the detection of gravitational waves (GW) from a bi-
nary black hole (BBH) merger GW190412 (The LIGO Sci-
entific Collaboration & the Virgo Collaboration 2020) with
mass ratio of q = 0.28+0.13−0.06 by the LIGO/Virgo collabora-
tion, it has been shown that even for more massive BBH a
significant mass ratio can be acquired. While the lower mass
companion with a mass of m2 = 8.4+1.8−1.0M is definitely a
black hole (BH) in this case, it gave an interesting prospect
for the possibility of even more asymmetric binary mergers
in the future.
The most recent detection GW190814 (The LIGO Scien-
tific Collaboration et al. 2020) belongs to a binary merger
featuring a much lower mass ratio of q = 0.112+0.008−0.009 with
a massive primary companion of m1 = 23.2+1.1−1.0M and a
secondary of m2 = 2.59+0.08−0.09M, which falls in the possi-
ble mass gap between neutron stars (NSs) and stellar BHs.
Being the source of the most asymmetric binary compact
object merger to date GW190814 seems to challenge the
established binary formation channels. It is argued in The
LIGO Scientific Collaboration et al. (2020) that the forma-
tion of such a high mass ratio system as an isolated binary
is strongly suppressed in population synthesis simulations.
This is certainly true at Milky-Way metallicity where stel-
lar winds are much stronger and progenitors lose more mass
throughout the binary evolution. This leads to lower maxi-
mum BH masses and subsequently limits the maximum mass
ratio for either BBH and BH-NS systems (Kruckow et al.
2018). However, this already posed a challenge for previ-
ous detection of BBH with large total mass. It is assumed
that these systems have to originate from a lower metallic-
ity environment (see, e.g., Stevenson et al. 2017). Espe-
cially Kruckow et al. (2018) have shown that there is a sig-
nificant population of BBH as well as BH-NS systems with
low mass ratios at low metallicity which match the source
of GW190814. Together with the broad range of resulting
merger times the birth as an isolated binary constitutes still a
viable formation channel.
Both, BBH and BH-NS systems, with strong asymmetry
are nonetheless suppressed compared to equal mass BBH bi-
naries of the same total mass, due to mass transfer during
the binary evolution equalising the companion masses to less
asymmetric configurations. Additional alternative channels
through dynamical captures or hierarchical binary systems
are presented in The LIGO Scientific Collaboration et al.
(2020). While the formation rates through these processes
are not well known, they all need dense stellar environments
to work and the probability to form such a system is indepen-
dent of the low mass companion being a BH or a NS in these
cases.
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Assuming a mass gap between NSs and BHs at approx-
imately 5M, the progenitor of the secondary companion
has to be a NS. For both possibilities of forming the system
in isolation or through dynamical processes, accretion of sig-
nificant amounts of matter onto the NS or gaining angular
momentum afterwards is very unlikely. Either due to the fact
that the primary companion is evolving faster and thus col-
lapses to a BH before the NS is formed, or because formation
in dense stellar systems is only significant in mass segregated
regions for which the timescale is much larger than the stellar
evolution up to formation of the compact object.
Combining these implications, we conclude that the NS
companion has to be born already with an approximate mass
of 2.59M which is above the upper limit for the maximum
mass for a nonrotating NS, 2.33M (Rezzolla et al. 2018;
Shibata et al. 2019). Consequently, such a NS has to be sup-
ported by rotation against gravitational collapse for a signif-
icant time after its birth. Long-term electromagnetic spin-
down might lead to its collapse to a BH if a significant frac-
tion of the spin has been removed. Such a BH would then
inherit its characteristics, i.e. mass and spin, from the NS.
For the rest of the paper, we will assume that the secondary
in GW190814, hence, was either a rapidly rotating NS or
a BH formed by the gravitational collapse of such with the
same properties. Given the well constrained mass of the low
mass companion, we are able to use the universal relations
between maximum supportable mass Mcrit and the ratio of
the stars dimensionless spin to its maximum dimensionless
spin at the mass shedding limit found by Breu & Rezzolla
(2016) to find a new lower bound on the maximum mass
MTOV a nonrotating NS must be able to support.
Such a constraint can help to constrain the equation of
state (EOS) of nuclear matter at densities beyond the reach
of earth-based experiments. Indeed, in the recent past a num-
ber of studies have used the multimessenger signal of the
event GW170817 (The LIGO Scientific Collaboration & The
Virgo Collaboration 2017) in order to derive astrophysical
constraints and/or translate them into constraints on the EOS
(Margalit & Metzger 2017; Bauswein et al. 2017; Rezzolla
et al. 2018; Ruiz et al. 2018; Annala et al. 2018; Radice et al.
2018; Most et al. 2018b; De et al. 2018; Abbott et al. 2018;
Montan˜a et al. 2019; Raithel et al. 2018; Tews et al. 2018;
Malik et al. 2018; Koeppel et al. 2019; Shibata et al. 2019).
The present work falls in line with these studies by deriving
a new lower limit on M
TOV
.
Additionally, we can give a lower bound on the dimen-
sionless spin for the secondary companion, using the upper
maximum mass constraints from the GW170817 event (Rez-
zolla et al. 2018; Shibata et al. 2019), and show that the al-
lowed range in dimensionless spins correspond to rotational
frequencies much higher than the fastest spinning pulsars
known (Hessels et al. 2006).
2. RAPIDLY SPINNING NEUTRON STARS: THE BASIC
PICTURE
A binary system of two compact objects can be described
in terms of their massesm1 andm2 (< m1) and correspond-
ing dimensionless spins χ1 = S1/m21 and χ2 = S2/m
2
2,
where S1 and S2 are the spin angular momentum of the two
compact objects. For simplicity, we will consider only the
component of the spins aligned with the orbital angular mo-
mentum, which is usually extracted from gravitational wave
observations (The LIGO Scientific Collaboration et al. 2020).
The effective spin is defined as
χ˜ :=
m1χ1 +m2χ2
m2 +m1
=
χ1
1 + q
(
1 + q
χ2
χ1
)
, (1)
where q := m2/m1 ≤ 1 is the mass ratio of the binary sys-
tem.
If one of the objects in the system is a NS, its maximally
allowed mass Mcrit will depend on its spin χ1. In partic-
ular, for a non-spinning NS m1 < MTOV , where MTOV is
the maximum mass of a nonrotating NS. Observations indi-
cate that MTOV > 2.01M (Antoniadis et al. 2013), with
a recent observation indicating that M
TOV
> 2.14M, al-
though with a larger uncertainty (Cromartie et al. 2020). The
use of different multi-messenger observations of GW170817
(Abbott et al. 2017; The LIGO Scientific Collaboration et al.
2017) has also led to upper constraints on the maximum
mass of MTOV . 2.3M (see, e.g., Margalit & Metzger
2017; Rezzolla et al. 2018; Ruiz et al. 2018; Shibata et al.
2019), although the latter value could be higher in the less
likely case that GW170817 did not result in a BH (Ai et al.
2019). Note that different estimates set different strict up-
per limits, namely, 2.17M (Margalit & Metzger 2017),
2.28M (Ruiz et al. 2018), 2.3M (Shibata et al. 2019), and
2.33M (= 2.16M + 0.17M) (Rezzolla et al. 2018).
For simplicity, hereafter we will take M
TOV
. 2.3M.
If the NS is spinning, its maximum mass can be higher
than MTOV due to the additional rotational support against
gravitational collapse to a BH. In particular, Breu & Rezzolla
(2016) have found that the critical mass Mcrit, that is, the
mass of uniformly rotating NSs on the mass stability line,
can be expressed in a (quasi-) universal relation through the
dimensionless spin on the stability line χcrit (Friedman et al.
1988; Takami et al. 2011), and the maximum dimensionless
spin at the mass shedding limit χkep, i.e., (see also Fig. 1)
Mcrit(χcrit, χKep,MTOV) :=
M
TOV
(
1 + a1
(
χcrit
χKep
)2
+ a2
(
χcrit
χKep
)4)
, (2)
where a1 = 0.132, a2 = 0.071. This directly implies that
the maximum mass for any uniformly rotating NS is lim-
ited by the spin at the mass-shedding limit, χcrit = χKep,
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Figure 1. Schematic representation of the universal relation for
uniformly rotating NSs along the stability line, (Breu & Rezzolla
2016). The solid black line reports the (quasi-)universal relation
between Mcrit/MTOV and the dimensionless angular momentum
of the star when normalised to its maximum value χ/χKep, while
the blue-shaded area are the constraints on the mass from a given
GW event. For any chosen MTOV , the intersections of the blue-
shaded area with the solid line will select the rotating stars having
the smallest and the largest angular momentum.
where Mmax = Mcrit(χcrit = χKep) = ξmaxMTOV with
ξmax = 1.203±0.022 (Breu & Rezzolla 2016). Note that this
result, combined with the present estimates onM
TOV
implies
a strict upper limit on the mass of a NS supported via uniform
rotation, i.e., Mmax ≤ 2.85M, which is clearly larger than
the mass inferred for the secondary in GW190814.
Based on the results of Koliogiannis & Moustakidis
(2020), it is possible to express χKep in terms of the com-
pactness CTOV = MTOV/RTOV , i.e., (Breu & Rezzolla 2016;
Shao et al. 2020)
χKep ' α1√C
TOV
+ α2
√
C
TOV
. (3)
where α1 = 0.045 ± 0.021 and α2 = 1.112 ± 0.072 (Most
et al. 2020). From these coefficients, we find an average
value of χKep = 0.682, and since the relative difference over
a large set of EOSs is only ∆χKep/χKep ∼ 2.9%, we will
use this average value hereafter.
Given a massMcrit of a rapidly rotating NS it is possible to
set bounds on its spin χ and the maximum mass MTOV of a
nonrotating NS. This is shown schematically in Fig. 1, which
reports the universal relation for the masses of NSs along
the stability line of uniformly rotating models Mcrit (Breu
& Rezzolla 2016). More specifically, the solid black line re-
ports the (quasi-)universal relation betweenMcrit/MTOV and
the dimensionless angular momentum of the star when nor-
malised to its maximum value χ/χKep, i.e., Eq. (2). One can
see, for instance, that the largest possible mass for a rotating
star Mmax is ∼ 1.2 times that of the corresponding nonro-
tating model for any EOS. Shown instead with a blue-shaded
area are the constraints on the mass from a given GW event.
This area will depend not only on the GW measurement, but
also onMTOV . The intersections of the blue-shaded area with
the solid line will then select the rotating star on the stabil-
ity limit having the smallest and the largest angular momen-
tum that is still in agreement with the observation. The red-
shaded area will therefore represent the allowed range in spin
for a massive NS that has collapsed to a BH.
Since χ ≤ χKep, it is also possible to determine a lower
bound on MTOV when Mcrit = Mmax, that is, when the
lower limit of the observed mass range (lower edge of blue-
shaded area) is reached by a star with χ = χKep.
3. APPLICATION TO GW190814
Recently the LIGO/Virgo collaboration has reported the
detection of the merger of a ∼ 23M BH with another
∼ 2.6M compact object (The LIGO Scientific Collabora-
tion et al. 2020). Following the scenarios outlined in Sec. 1
we assume that either we have the merger of a very massive
BH with a light BH that was produced by the collapse of a
rapidly spinning NS prior to merger. We can then use the
universal relations summarised in Sec. 2 to extract bounds
on the spin χ2 and m2 of the secondary companion. Indeed,
as we will comment later on, our bounds apply unchanged
even if the rapidly spinning NS never collapsed to a BH.
In Fig. 2 we show the universal relation (2) of the mass
m2 of a rapidly spinning NS with its spin χ2. In addition,
we also shade the allowed region of masses of the secondary
from the GW190814 event in blue (The LIGO Scientific Col-
laboration et al. 2020), i.e., m2 = 2.59+0.08−0.08, and mark the
maximally allowed spin χ2 = χKep approximated as a con-
stant with a red vertical line. Note that for different values for
the maximum mass M
TOV
, Eq. (2), generates a sequence of
rotating stars starting atm2 = MTOV and terminating at their
maximum value when χ2 = χKep. If the secondary binary
companion in GW190814 was at some point a NS (and since
then did not change its mass significantly), it will have to lie
on or below one of these sequences. As outlined in Sec. 2, the
sequence with the lowest MTOV that still intersects with the
measurement of GW190814 marks (green diamond in Fig.
2) a lower limit on M
TOV
, i.e., Mmin
TOV
. In order for the NS to
have been stable initially, it could not have been more mas-
sive than the heaviest rotating configuration, i.e.,
m2 ≤Mcrit
(
χcrit = χKep,MTOV = M
min
TOV
) ' ξmaxMminTOV .
(4)
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Figure 2. Mass over spin of the secondary in GW190814. The
black lines show the Eq. (2) assuming that the secondary was a
critically spinning NS at some point. The red-shaded area marks the
allowed spin range given the mass measurement (blue shaded). The
green diamond selects the curve with the minimal possible value of
MTOV .
Hence, we find that if the secondary in GW190814 was either
a BH formed by the collapse of a rapidly rotating NS or a
stable rapidly rotating NS, this yields a lower bound on the
maximum mass of nonrotating stars, i.e.,
M
TOV
&Mmin
TOV
= mGW1908142 /ξmax ≈ 2.08± 0.04M ,
(5)
where we have taken the most conservative lower limit on
the companion mass mGW1908142 = 2.51M (The LIGO
Scientific Collaboration et al. 2020). The corresponding se-
quence of critical masses of rotating NSs with spin χ2 is
given by the lower black line in Fig. 2, which terminates
at χ2 = χKep ' 0.68.
On the other hand, in accordance with the maximum mass
constraints described in Sec. 2 we can consider the same
logic and draw lines for any value of M
TOV
. 2.3M,
which is shown with different black lines in Fig. 2. From the
intersection of the line corresponding to M
TOV
= 2.3M
with mGW1908142 = 2.51M we deduce a lower bound of
the spin χ2 & 0.49. Combining the two results, we conclude
that, for the secondary in GW190814 to be a NS, its spin
must have been in the range
0.49 . χ2 . 0.68 = χKep . (6)
We can check the consistency of χ2 by computing the spin
χ1 of the primary BH binary component by considering Eq.
(1),
χ1 (χ2) = −qχ2 + χ˜ (1 + q) , (7)
and using χ˜ = −0.002 ± 0.06 and q = 0.112+0.008−0.009 (The
LIGO Scientific Collaboration et al. 2020). We find that the
values obtained here are all consistent with those inferred by
The LIGO Scientific Collaboration et al. (2020), i.e., |χ1| <
0.07. The finally allowed range of binary component spins is
then shown in Fig. 3.
Using the fit given in Barausse & Rezzolla (2009) we can
also derive an estimate on the final BHs spin, χfin. Assuming
the spins of the primary and secondary are anti-aligned, we
derive 0.24 < χfin < 0.29.
Finally, this range for χ2 can be translated into a rotation
frequency of the NS, Ω2 = S2/I2, that can easily computed
for a given moment of inertia I2, which can be expressed in
terms of the NS mass and radius. Using the fit for χ ≈ 0.4
from Breu & Rezzolla (2016), we can compute the moment
of inertia as
I2/m
3
2 =
(
a¯1C−1 + a¯2C−2 + a¯3C−3 + a¯4C−4
)
, (8)
with the compactness C := m2/R2 and a¯1 = 9.50 × 10−1,
a¯2 = 1.44 × 10−2, a¯3 = 1.22 × 10−2, and a¯4 = −7.61 ×
10−4. Assuming a typical NS radius of R2 = 12.5 (13 km)
(Most et al. 2018b) and S2 = χ2m22, we find a rotation
frequency f = Ω/2pi of 1.21 (1.14) kHz for χ2 = 0.49.
This frequency is considerably higher than the fastest known
pulsar PSR J1748–2446ad (Hessels et al. 2006), with a fre-
quency of 716 Hz, thus making – at least in this hypothetical
scenario – the secondary of GW190814 the fastest known
NS.
4. CONCLUSION
We have investigated how a lower bound on the maximum
mass MTOV of a nonrotating NS can be derived from the re-
cent observation of the merger of a ∼ 2.6M compact ob-
ject with a∼ 23M BH (The LIGO Scientific Collaboration
et al. 2020). More specifically, since the maximum-mass
constraints from GW170817 (Margalit & Metzger 2017;
Rezzolla et al. 2018; Ruiz et al. 2018; Shibata et al. 2019)
and the observations of very massive pulsars (Cromartie et al.
2020) indicate that the maximum mass of nonrotating NSs
is lower than the measured mass of the secondary m2, ro-
tation is needed to allow for the secondary compact object
in GW190814 to have been a NS at some point in the in-
spiral. Using universal relations for the maximum mass of
uniformly rotating NSs (Breu & Rezzolla 2016), we infer
a lower limit on the maximum mass of nonrotating NSs,
M
TOV
> 2.08+0.04−0.04M. In combination with the upper limit
M
TOV
≤ 2.3M (Rezzolla et al. 2018; Shibata et al. 2019),
we are also able to provide an estimate of 0.49 ≤ χ2 ≤ 0.68
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Figure 3. Allowed range (red-shaded area) of primary and sec-
ondary spins χ1 and χ2, in case the secondary was a NS at some
point before merger.
for the spin of the secondary object, a quantity that has not
been constrained by the observations of GW190814.
While these results already are very promising, especially
since the scenario considered here is in complete agreement
with the present understanding of the EOS of nuclear matter,
they can be improved in several ways. First, and for sim-
plicity, our current analysis has used the most conservative
lower values in all quantities consistent with the observation.
Any improvement on these errors, or a careful re-analysis of
the universal relations presented in (Breu & Rezzolla 2016),
promise an immediate reduction of the uncertainty on this
lower bound. Second, improved estimates on the spin of the
primary of GW190814 could potentially reduce our estimates
on the spin of the secondary. Interestingly, since the rota-
tional collapse of a magnetised NS to a BH can be accompa-
nied by the emission of a radio signal similar to that measured
in fast radio bursts (FRB) (Falcke & Rezzolla (2014) and also
Most et al. (2018a)), there could be a potential connection be-
tween the location of an FRB and of a massive binary merger
of the type discussed here.
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